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application on the battlefield by 2040. However, for the
DOD to commit to a hydrogen econony will involve a nassive

undertaking, requiring large investnments and decades to
acconpl i sh.

Discussion:
- When hydrogen is used to power the year 2040 generation
of the U S mlitary vehicles, it will acconplish tw ce the

efficiency of today’'s gasoline engines, wth zero air
em ssions released into the atnosphere and with % the C ass
1l logistics footprint.

- Pure hydrogen is not a viable fuel for the DOD nissions,
primarily because of the DOD requirenent for conpact, high
vol une-energy density power sources.

- Wth the increased tenpo and speed associated wth
maneuver warfare, when scientists perfect the hydrogen
power ed vehicle design, storage, and delivery shortcom ngs,
it wll positively inpact maneuver warfare on the
battl efield.

- The volunes required for storage and transportation, and
the costs of the fuel storage containers are the big issues
and factors in why hydrogen has not energed as a general
pur pose fuel to date.

Conclusion:
When hydrogen is wused to power the vyear 2040
generation of the U S mlitary vehicles, it will
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acconmplish twice the efficiency of today’'s gasoline
engines, wth zero air emssions released into the

at nosphere. The hydrogen powered mlitary vehicle wll
becone a reality by 2040. The hydrogen powered mlitary
vehicle will not be a Revolution in Mlitary Affairs (RVA).
Rather it will be evolutionary, and will represent a major

technol ogi cal evolution in mlitary vehicles.
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Introduction

What follows is a study on the devel opnent of hydrogen
power fuel cells, hydrogen production industry,
environnental , delivery, and storage considerations, as
they relate to devel oping a hydrogen powered military
vehicle by the year 2040. WII| the devel opnent of the
hydrogen powered mlitary vehicle be affordable and
practical for mlitary application on the battlefield by
2040? Wen hydrogen is used to power the year 2040
generation of the U S. mlitary vehicles, it wll
acconplish twice the efficiency of today’s gasoline
engines, with zero air em ssions released into the
at nosphere and still be affordable. This paper wll
exam ne the hydrogen powered vehicle concept by anal yzi ng
data fromthe U S. Departnent of Energy, Departnent of
Def ense publications, hydrogen industry and academ a, while
conparing it against U S. Marine Corps Class Il (Fuel)
consunption rates for ground and air vehicles during
Operation Iraqgi Freedomin 2003.

Many mlitary planners, logisticians, and mlitary
contractors who support the U S. Mlitary are studying
ways to reduce the nmassive logistics footprint on the

battlefield. dass IlIl (Fuel) is the |largest consuned



cl ass of supply for the mlitary on the battlefield. This
researcher, who is a U S. Arny |ogistician, has notable
interest in reducing the Class IIl consunption rates on the
battl efield, because Class Ill requires enornous assets
(i.e: transportation, personnel, and tinme), known as conbat
enablers to sustain the Class Il requirenent on the

battl efi el d.

Context-Background

On January 12, 2003, during the State of the Union
Address, the President of the United States conveyed to the
nation that the hydrogen powered car will allow the United
States to becone “nuch | ess dependent on foreign sources of
energy,” and requested a $1.2 billion dollar research
effort, “so that America can |lead the world in devel opi ng
cl ean, hydrogen powered autonobiles.”! The Bush
Adm ni stration has designated the hydrogen car program as
“FreedonCAR. "2 The FreedonCAR programwi || focus on the
advancenent of the fuel cell technology for autonobiles to
efficiently and effectively convert hydrogen’s
el ectrochem cal energy into electric power. Froma
strategi c perspective, the hydrogen powered vehicle wll

benefit our econony by reducing the financial strain caused

! President George W Bush, State of the Union Address. January 12, 2003
2 Kol bert, Elizabeth, The Car of Tonorrow. The New Yorker, August 11, 2003, pp. 36




by the purchase of foreign oil, and sustaining a strong
i nternational conpetitiveness.

The hydrogen fuel cell vehicle consunes one-third the
energy of the current gas conbustion engine per mle
driven, while sustaining zero enissions.® The fuel
efficiency and zero em ssions are the nost attractive
characteristics in pursuing the hydrogen powered vehicle.
G ven the high-energy content of hydrogen and its non-
pol lutant properties, it is reasonable to ask: why has it
not been widely used as a fuel? Table 1 indicates sone of
the reasons. The volunes required for storage and
transportation, and the costs of the fuels storage
containers are the main reasons why hydrogen has not

energed as a general purpose fuel to date.

FUEL ENERGY ENERGY TEMP MASS
(MASS) (VOLUME) (°0) (VOL)
GASOLI NE 1.0 1.0 25 1.0
JP-5 .97 1.1 25 1.0
MVETHANOL 44 51 25 1.1
ETHANOL 61 .69 25 1.1
LI QU D HYDROGEN | 2.6 27 - 253 1
METAL HYDRI DE . 046 .36 25 2.5
METHANE ( 3, 000 1.1 .29 25 .25
HYDROGEN GAS 2.6 .06 25 .02
LI QUI D PROPANE 1.0 . 86 25 .73
METHANE (10,000 |1.1 .97 25 .81
HYDROGEN GAS 2.6 2 25 .08
LI THI UM | ON 019 035 25 2.02

Table 1. Energy content of various fuels referenced to gas.

% U.S. Departnent of Energy, Office of Fossil Energy-Hydrogen Program Pl an. June 2003, pp.2




For the Departnment of Defense (DoD) to commt to a
hydr ogen econony wi Il be a massive undertaking, requiring
| arge i nvestnents and decades to acconplish. How the
nation noves in this direction undoubtedly will have a
great inpact on the ultimte success of the nove. DoD
shoul d be a dedicated player in this undertaking because it
will be greatly inpacted by its outcone. Pure hydrogen is
not a viable fuel for the DoD missions, primarily because
of the DoD requirenment for conpact, high vol une-energy
density power sources.* Presently, the total container
volune is approximately tw ce the hydrogen storage vol une.
Thi s hydrogen storage problem presents DoD with sone uni que
safety problens, especially in conbat situations. To take
it a step further, it’s essential that the hydrogen storage
cell is physically reduced in size for safety, weight
concerns, and allow DoD the ability to use the precious
space saved by the downsi zed storage cell to equip the
vehicle with an up-arnored variant, if required. For
instance, today in lraqg the United States nmilitary vehicles
are vulnerable to the insurgents rocket propelled grenades.
As up-arnored retrofits are being installed to repel rocket

propel | ed grenades, contractors are experiencing

4L. Schl apbach and A. Zuttel, “Hydrogen-Storage Materials for Mbile Applications,” Nature
414, no. 15 (Novenmber 2001); http://ww. at sdr. cdc. gov/toxprofil es/tpl21-c3. pdf.




transm ssion failures and | ack of engine power with the
current mlitary vehicle, as a result of the excessive
wei ght .

Currently, the United States inports about nine
mllion barrels of crude oil per day. By 2020, the Energy
I nformati on Admi nistration projects that the world oil
consunption is projected to rise from76 to 119 mllion
barrels per day.®> Mst Anericans fail to draw the
correlation that crude oil equals a finite resource. In
fact, sone analysts estimate that the world s recoverable
oil resource is 2,700 billion barrels, which inplies that
the peak world oil production will occur around the year
2015.° The current gap between total U.S. consunption and
net production of oil is roughly 11 mllion barrels per
day.’ Pronoting the nost efficient use of oil is necessary
during the near term However, over the long term a
petrol eum free econony i s paranount.

Hydrogen is considered an alternative fuel for two
reasons: 1) it is renewable and, 2) it is the npost abundant
el ement on the earth. Hydrogen conprises nore than 75

percent of the environnent, but to be useful as a fuel, it

°U.S. Department of Energy, Office of Fossil Energy-Hydrogen Program Pl an. June 2003, pp. 10
®U.S. Departnent of Energy, Office of Fossil Energy-Hydrogen Program Pl an.June 2003, pp.10
"Congr essi onal Testinony of David Garnen, “The Path to a Hydrogen Econony”. March 5, 2003




must exi st as free hydrogen (H).® One very conmon source
of hydrogen is water, which is 11.2 percent hydrogen by
wei ght. Al though hydrogen offers many benefits, there are
di sadvantages to using it as a fuel with current

technol ogy. Liquid hydrogen, the preferred form of
hydrogen, requires four tinmes the storage space of
petrol eum based fuels. The other issue is that hydrogen
production relies on the availability of a nonrenewabl e
resource--petroleum The two issues nentioned above wll
require a majority of the scientists’ tine and noney in
order to overcone these obstacles, in an effort to nake
hydrogen af fordable, efficient and safe.

When hydrogen is used to power fuel cell vehicles, it
will acconplish twice the efficiency of today’s gasoline
engines, with zero air em ssions released into the
at nosphere. The fuel cells’ only byproducts are pure water
and some waste heat . °

The ultimate goal in nmass production of the hydrogen
fuel cell vehicles will require a hydrogen-based
infrastructure that is as efficient as the petrol eum based
infrastructure we have today. As the private sector

devel ops the hydrogen fuel infrastructure, the FreedonCAR

8Kushnir, Peter, Hydrogen As An Alternative Fuel. http://wmw. al nc. arny. nmil/al og/issues
°Congressi onal Testinony of David Garnen, “The Path to a Hydrogen Econony”. March 5, 2003




Part nershi p and Hydrogen Fuel Initiative will devel op the
t echnol ogi es needed by the vehicles.

To achi eve the FreedonCAR Partnership and Hydrogen
Fuel Initiative Vision will require technol ogi cal
br eakt hr oughs, nmarket acceptance, and large investnents in
a national hydrogen infrastructure. Success in the
hydrogen programw || take tine, tinme as in decades, not
years. Sone of the significant requirenents necessary to
achi eve success incl ude:

e Lower the cost of producing and delivering hydrogen by
a factor of four.

e Develop lighter, affordable, safer, and efficient
hydr ogen storage systens that will allow vehicles to
exceed the 300 m | e range.

e Reduce the cost of materials for advanced conversion
technol ogies by a factor of ten, especially the fuel
cells.

e Produce hydrogen nore efficiently and reduce the cost
by a factor.

e Designs and materials that maxim ze the safety of
hydr ogen use.

e Educate the consuner on the use of a hydrogen powered
vehicle. ™
The Departnent of Energy has identified critical areas

in the production, delivery, storage, conversion, and end-

Congressi onal Testinony of David Garmen, “The Path to a Hydrogen Economy”. March 5, 2003
“Congressi onal Testinony of David Garmen, “The Path to a Hydrogen Economy”. March 5, 2003




use, while identifying mlestones and deci sion points that
are essential in the success of the program For instance,
exanpl es of key program m | estones that support FreedonCAR
and achi evenent of a hydrogen powered econony include the
fol | ow ng:
e On-board hydrogen storage systenms with a six percent
capacity by weight by 2010, with nore aggressive goals

establ i shed by 2015.

e Hydrogen production at an untaxed price equivalent to
$1.50 per gallon of gasoline at the punp by 2010.

e Polyner autonotive fuel cells that cost $45 per
kil owatt by 2010 and $30 per kilowatt by 2015, neet
100,000 mles of service life.

e Zero em ssion coal plants that produce hydrogen and
power, at $0.79 per kilogram at the plant gate.'?

It is critical that advances in other technol ogies
occur for the hydrogen fuel vehicle to realize its full
potential. These advances i ncl ude:

e Inproved energy storage, (e.g., batteries that are
nor e durabl e, cheaper, and better perform ng).

e Mre efficient and cost effective electric notors.
e I nexpensive and nore effective power el ectronics.

e Better materials for lighter, but strong, structural
menbers. 3

These i nprovenents will allow hydrogen-fuel ed vehicles

to be nore efficient, and equally inportant, help | ower the

2Congressi onal Testinony of David Garnen, “The Path to a Hydrogen Economy”. March 5, 2003
3Congressi onal Testinony of David Garnmen, “The Path to a Hydrogen Econonmy”. March 5, 2003




vehicl e cost to the consunmer. Consuner acceptance is key
to the hydrogen powered vehicle replacing the internal gas
conmbustion engi ne vehicle we drive today. For consuners to
accept the hydrogen powered vehicle, the gas efficiency
must be equal to or greater, and the vehicles nust be
af fordabl e and safe.

The Departnent of Energy views the transition to a

hydrogen econony as occurring in four phases. The

transition wll take several decades to occur, and require
strong public and private conmmtnent. Phase |I: Governnent
and Private Organizations will research, devel op, and

denonstrate technol ogies prior to investing heavily into
the infrastructure. This phase is ongoing today, and wl|
assist with nmaking a decision for comercialization by
2015. ™

Phase Il: Transition to the marketplace could begin as
early as 2010, specifically for portable power and
stationary applications. |f hydrogen rel ated technol ogi es
exceed custoner requirenents, the industry could nake a
decision to comercialize hydrogen fuel cell vehicles by
2015, |eading to mass production around 2020.%* Phase |11:

Expansi on of the markets and infrastructure begi ns once

Congressi onal Testinony of David Garnen, “The Path to a Hydrogen Economy”. March 5, 2003
Congr essi onal Testinony of David Garnmen, “The Path to a Hydrogen Econonmy”. March 5, 2003
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mar ket s are established. The beginning of Phase Il is
consistent with a positive decision to comercialize
vehicles in 2015. Once a decision to comrercialize is made
the goal is to attract investnments in infrastructure, to
support fuel cell manufacturing and hydrogen production,
t hen delivery. '®

Phase 1V, Realization of the Hydrogen Vision should
begin in 2025. This phase begi ns when cust oner
requi renents are net, environnental quality has been
achi eved, and industry receives adequate return on their
i nvestnment to conpete globally. Phase IV will provide the
transition to a full hydrogen econony by 2040. %’

The Arny’s Tank- Aut onotive Research, Devel opnent and
Engi neering Center (TARDEC), is the nation’s |aboratory for
advanced mlitary autonotive technology. The U S. Arny is
| ooking at the idea of devel opi ng hydrogen-powered tacti cal
vehicles, but will not inpose its own priorities on the
design of the early hydrogen vehicles. However, the U S
Arny will let the comrercial market dictate what hydrogen
vehicle applications energe first, and then becone an early

adopter of that technol ogy by enpl oyi ng the hydrogen

%Congr essi onal Testinony of David Garnen, “The Path to a Hydrogen Economy”. March 5, 2003
YCongressi onal Testinony of David Garnmen, “The Path to a Hydrogen Econonmy”. March 5, 2003




vehicle at domestic military installations.'® The Arny has
gover nnment nmandates to use |l ess petroleumand shift toward
alternate fuels. The devel opnent of the hydrogen powered
vehicles will help the Arny in acconplishing those goals.
To take it a step further, DoD shoul d adopt a policy and
becone directly involved in the devel opnent of hydrogen
power ed vehicle applications, hydrogen infrastructure, and
hydrogen storage issues, in order to | everage the national
hydrogen initiative and to have in place an infrastructure
to assure DoD energy needs are satisfied. A bilateral
arrangenment with the hydrogen commrercial market and DOD
woul d benefit all involved as scientists devel op the

hydr ogen powered vehicle, infrastructure, and as storage

i ssues are inproved. Also, when DoD purchases a major end
item(i.e.: truck, tank, artillery gun), the acquisition
process can take up to 20-25 years for research

devel opment, and test and evaluation. Wth imedi ate DoD
i nvol venent, the research process would be initiated and
ultimately accel erate the acquisition process once the
decision is nmade to convert the DoD vehicle fleet to

hydr ogen power.

11

BMul 1 en, Richard, Arny Eyes Hydrogen Vehicles As Efficiency Boosters. New Technol ogy Week
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Body — Hydrogen Power Cell

Unl ess researchers are able to make technol ogi ca
br eakt hroughs in the econom cs of produci ng hydrogen, and
in the size and wei ght of hydrogen storage systens, the
practical application of hydrogen as a fuel for
transportation vehicles my be solely dependent upon the
devel opnment of an autonotive fuel cell system To date,
Dai m er-Chrysler, Ford, and General Mdtors have spent
roughly $2 billion devel oping fuel cell cars, buses, and
trucks, with the first products due out in 2004.° The fuel
cell is an el ectrochem cal systemin which the chem ca
energy of a fuel and an oxidizer are directly converted
into electrical energy. A fuel cell can continuously
produce electricity as long as the supply of fuel and
oxi di zer are sustained.?® For instance, in the case of the
fuel cell vehicle, the electricity, which is very
efficiently produced by the fuel cell, is used to power an
electric notor, which in turn drives the wheels. When the
mlitary adopts the hydrogen powered vehicle, it will not
only provide the capability of transporting troops and
cargo, but can be used to power cantonnment areas, tent

cities, or brigade support areas.

Schwartz. Peter, How Hydrogen Can Save America. ww. wired.conm wired/archive/11.04. htm
24 s, Murray, et al., “DOT Fuel-Cell-Powered Bus Feasibility Study,” Final Report, Los
Al anps National Laboratory, Decenber, 1986.
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There are seven different processes or types of fuel
cells, which are: Alkaline, Polyner Electrolyte Menbrane,
Mol ten Carbonate, Solid Oxide, Phosphoric Acid, D rect
Met hod, and Regenerative (Reversible).?' Let us now discuss
each process in detail.

Alkaline
The al kaline fuel cell was one of the first types
used by the U S. space programto produce electrical energy

2 This al kaline fuel cel

and wat er onboard the spacecraft.?
uses potassium hydroxide in water as the electrolyte and

vari ous non-precious netals as a reactant (Figure 1).

Figure 1

24, S. Murray, et al., “DOT Fuel-Cell-Powered Bus Feasibility Study,” Final Report, Los
Al anps National Laboratory, Decenber, 1986.

2. S Departnent of Energy, Energy Efficiency and Renewabl e Energy,

http://ww. eere. energy. gov/ hydr ogenandf uel cel | s/ fuel cell s/types. htm
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Al kal ine fuel cells operate at tenperatures between
212°F and 482°F. However, NASA researchers have devel oped
al kaline fuel cell designs that operate between 74°F to
158°F. 2% This is particularly inportant when di scussing
delivery and size of fuel cells in mlitary vehicles.

I n space applications, the alkaline fuel cell is 60
percent efficient. The disadvantage of the al kaline fuel
cell is that it becomes easily poisoned by carbon dioxide
(CO), making it necessary to purify both the hydrogen and
oxygen. The purification process is costly and susceptible
to contam nation which affect the cell's lifetinme and
further adds to the cost.?

To effectively conpete in nost comrercial markets, the
al kal i ne fuel cell nmust become nore cost effective.
Presently, the alkaline fuel cell can maintain stable
operation for about 8,000 operating hours. To be
conpetitive, economcal, and used for large-scale utility
applications, the alkaline fuel cell needs to exceed an
operating capability of 40,000 hours.?® This will be the
nost significant obstacle in conmmercializing the al kaline

fuel cell.

3, S Departnment of Energy, Energy Efficiency and Renewabl e Energy,
http://ww. eere. energy. gov/ hydr ogenandf uel cel | s/ fuel cel |l s/types. htmn

2%U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy,
. S Departnment of Energy, Energy Efficiency and Renewabl e Energy,
http://ww. eere. energy. gov/ hydr ogenandf uel cel | s/ fuel cell s/types. htm
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Polymer Electrolyte Membrane

Pol yner el ectrol yte nenbrane fuel cells deliver high
power and offer the advantages of |ow weight and volune in
conparison to other fuel cells. For a mlitary vehicle
fuel cell, this technology is particularly interesting
because of the decreased wei ght and increased volunme. The
Pol ymer el ectrol yte nenbrane fuel cell uses a solid polyner
as an electrolyte, and porous carbon el ectrodes contai ni ng

a platinumcatal yst (Figure 2).2°

Figure 2

This technology will not require corrosive fluids.

Typically it is fueled with pure hydrogen supplied from

28y, S Department of Energy, Energy Efficiency and Renewabl e Energy.
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storage tanks onboard, oxygen fromthe air, and water to
oper ate. %’

Pol ymer el ectrol yte nmenbrane fuel cells operate at
80°C (176°F). This | ow operating tenperature allows the
fuel cell to start quickly and results in |ess wear and
tear on the fuel cell conponents, resulting in longer life
expectancy. However, the polyner el ectrolyte nmenbrane fuel
cell requires a platinumcatalyst used to separate the
hydrogen's el ectrons and protons, which adds to system

costs. ?®

The platinum catalyst is also sensitive to CO,
contam nation. This nmakes it necessary to enpl oy an
additional reactor to reduce the CO, in the fuel gas when
hydrogen is derived froman al cohol or hydrocarbon fuel.
Researchers are presently testing platinunrutheni um
catal ysts that are nore resistant to CO. %°

Pol ymer el ectrol yte nenbrane fuel cells are used
mai nly for transportation and sone stationary applications.
Due to the quick startup tinme and favorabl e power-to-wei ght
rati o, polyner electrolyte nenbrane fuel cells are suitable
i n passenger vehicles. As the hydrogen technol ogy exists

t oday, the polyner electrolyte nmenbrane fuel cell is

practical for mlitary application due to its quick startup

2. S Departnent of Energy, Energy Efficiency and Renewabl e Energy.
. S Departnment of Energy, Energy Efficiency and Renewabl e Energy
U, S Departnent of Energy, Energy Efficiency and Renewabl e Energy



time and power-to-weight ratio. A significant drawback to
using these fuel cells for passenger and mlitary vehicles
is the hydrogen storage issue. Mst hydrogen fuel cel
vehi cl es must store the hydrogen onboard in pressurized
tanks. Hydrogen has a | ow energy density, thus making it
quite difficult to store enough hydrogen onboard to reach
t he equi val ent travel distances (300-400 mles) of an

i nternal gas combustion engine vehicle.® Fuels like

et hanol, nethanol, |iquefied petroleum natural gas, and
gasol i ne can be used for fuel, but the vehicles require a
converter to reformthe nmethanol to hydrogen, which

i ncreases mai nt enance requirenents and costs.
Unfortunately, the reformer rel eases carbon dioxide,

commonly known as a greenhouse gas.

Molten Carbonate

Currently, nolten carbonate fuel cells are being
devel oped for industrial, electrical, and mlitary
applications. Mlten carbonate fuel cells operate at high
tenperatures of 1,200°F and above (Figure 3).3 The

i mproved efficiency of the nolten carbonate fuel cells

%0y, S Departnent of Energy, Energy Efficiency and Renewabl e Energy,
http://ww. eere. ener gy. gov/ hydr ogenandf uel cel | s/ fuel cel | s/types. htm

%1U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy,
http://ww. eere. energy. gov/ hydr ogenandf uel cel | s/ fuel cell s/types. htm
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of fer significant cost reductions over phosphoric acid fuel
cells. Aso, nmolten carbonate fuel cells have attained a
60 percent efficiency rating, and when the waste heat is
recovered and re-used, an 85 percent fuel efficiency rating
can be att ai ned.

Unl i ke phosphoric acid, alkaline, and pol ynmer
el ectrol yte nenbrane fuel cells, nolten carbonate fue
cells do not require a reformer to convert dense fuels into
hydrogen. Mol ten carbonate fuel cells operate at such a
hi gh tenperature that the hydrogen converts within the fue
cell itself--a cost saving process called interna

ref orm ng.

Figure 3

Mol ten carbonate fuel cells are not prone to carbon
di oxi de or carbon nonoxi de contam nati on, but are nore

resistant to inpurities than other fuel cell types. The
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pri mary di sadvantage of nolten carbonate fuel cel
technology is the durability. This occurs due to the high
operating tenperatures and the corrosive electrolyte used
to accel erate conmponent breakdown and corrosion, which
decreases cell life. Scientists are currently researching
corrosion-resistant materials for conponents and fuel cel
designs that will increase the cell |ife wthout

conpromi sing the performance. 3 The nolten carbonate fuel
cell is nost appealing for mlitary application today,
because it does not require a reformer to convert dense

fuels into hydrogen and its high fuel efficiency rating.

Solid Oxide

The solid oxide fuel cell is nade of a hard ceramc
conmpound like the electrolyte. Thus, it does not have to
be constructed in the plate-like configuration typical of
ot her fuel cell types. Solid oxide fuel cells are 50-60
percent efficient at converting fuel to electricity.® In
applications designed to recover and re-use the solid oxide
fuel cell’s waste heat (co-generation), the overall fue

use efficiency can reach 85 percent. 3

®U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy
%U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy
%U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy
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The solid oxide fuel cell operates at a very high
tenperature of 1,830°F, which renoves the need for
preci ous-netal catalyst, thereby reducing the cost.3 Solid
oxide fuel cells reformfuels internally, which allows the
use of a variety of fuels and reduces the cost associ ated

with adding a reforner to the system (Fiqure 4).

Figure 4

The solid oxide fuel cell is the nost sul fur-resistant
fuel cell type and cannot be contam nated by carbon
nmonoxi de. Solid oxide fuel cells can al so use gases nade
from coal .

The hi gh operating tenperatures within the solid oxide
fuel cell has di sadvantages, which result in slow startup

requires shielding to retain heat and protect personnel,

®U. S Departnment of Energy, Energy Efficiency and Renewabl e Energy,
http://ww. eere. energy. gov/ hydr ogenandf uel cel | s/ fuel cel |l s/types. htm




and stress the durability requirements which is
unacceptable for mlitary transportation applications.
Scientists are researching a | owcost material wth a high
durability threshold at cell operating tenperatures. This
is the biggest challenge facing this type of technol ogy.
Researchers are presently devel oping a solid oxide
fuel cell that will operate at a |l ower tenperature, fewer
durability problems and cost less. Unfortunately, solid

oxi de fuel cells produce |ess electrical power.

Phosphoric Acid

Phosphoric acid fuel cells use liquid phosphoric acid
as an electrolyte. The electrolyte is contained in a
silicon carbide matrix and the carbon el ectrodes contain a
pl ati num conductor. The chem cal reactions that take place

inthe cell are shown in the diagram (Figure 5).3°

Figure 5

%U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy
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The phosphoric acid fuel cell is considered the "first
generation"” of nodern fuel cells, the nost mature and first
to be used comercially with over 200 units currently in
use.® The phosphoric acid fuel cell is normally used in
stationary power generation applications, but has been used
to power city buses. The phosphoric acid fuel cell is 85
percent efficient when used for the co-generation of
electricity and heat, but only 37-42 percent efficient at

generating electricity al one.3®

This technology is only
slightly nore efficient than the conbusti on-based power

pl ant. The phosphoric acid fuel cell is typically |arge
and heavy, and |less powerful than other fuel cells given

t he sane wei ght and volunme. A disadvantage with the
phosphoric acid fuel cell, is that it is expensive. Like
pol ymer el ectrolyte nenbrane fuel cells, the phosphoric
acid fuel cell requires a very expensive platinum catal yst,
whi ch increases the cost of the fuel cell. A typical
phosphoric acid fuel cell costs between $4,000 and $4, 500

per kilowatt to operate.3 The phosphoric acid fuel cel

woul d not be a wise choice for mlitary vehicle

*U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy
%U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy
%U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy
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application, because of the size, weight and | ack power

conpared to other fuel cells.

Direct Methanol

Most fuel cells are powered by hydrogen, which is fed
to the fuel cell systemdirectly, or can be generated
within the fuel cell system by reform ng hydrogen-rich
fuel s such as methanol, ethanol, and hydrocarbon fuels.*
Direct nethanol fuel cells are powered by pure nethanol,
which is mxed with steamand fed directly to the fuel cel
anode.

The advant ages of the direct methanol fuel cells are:
no fuel storage problens, and they are easier to transport
and supply using our present infrastructure. Direct
nmet hanol fuel cell technology is new, resulting in research

and devel opnent that is 3-4 years behind other fuel types.

Regenerative (Reversible) Fuel Cells

Regenerative fuel cells produce electricity from
hydr ogen and oxygen and generate heat and water as
byproducts, like other fuel cells.* This fuel cel

technology is inits infancy and is being devel oped by NASA

‘U, S Departnent of Energy, Energy Efficiency and Renewabl e Energy,
http://ww. eere. energy. gov/ hydr ogenandf uel cel | s/ fuel cel | s/types. htm
“IU. S Department of Energy, Energy Efficiency and Renewabl e Energy
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and others. The regenerative fuel cell systens can use
electricity fromsolar power, to separate excess water into
oxygen and hydrogen, a process called "electrolysis."*

Al t hough early in the devel opnent stage, the regenerative
fuel cell technology offers many characteristics that are
favorable for mlitary application. For exanple, the

el ectricity generated from hydrogen and oxygen generate
heat and water, a byproduct that nmay possibly be captured
and reused in a Brigade Support Area, Initial Staging Base,
or tent city. Also, the regenerative fuel cell systens
ability to produce electricity fromsolar power is an
attractive characteristic, considering the abundant
sunshi ne regi on of Southwest Asia where the United States
and coalition partners are presently engaged in Iraq and
the d obal War on Terrorism A mlitary vehicle with the
capability to regenerate its fuel source would be
evolutionary in nature, and significantly reduce Class |11
(Fuel) on the battlefield. Also, with the regenerative
fuel cell vehicles capability to produce electricity, the
generator will becone obsolete and one less end itemthat

will require Cass Ill on the battlefield.

“2U. S Departrment of Energy, Energy Efficiency and Renewabl e Energy
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Hydrogen Production Industry

It is inportant now to di scuss the hydrogen production
i ndustry as seen today, and how the U. S. Departnent Energy
believes it will evolve in the next decade. Today, about
hal f of the world's hydrogen supply and nost hydrogen in
the United States is produced through the steam reformng
of natural gas, or Coal -Based Technol ogy. The U.S. denand
for hydrogen currently is about 9 mllion tons per year, of
which, 1.5 mllion tons is sold to refineries and chem cal
plants.®

Hydrogen is produced at a refinery as a by-product of
napht ha reform ng, while any suppl enental hydrogen is
produced from steamreform ng of natural gas.* Naphta
reforming is the fraction that boils between gasoline and
ker osene. The chem cal industry uses hydrogen to
manufacture fertilizers and ammoni a, and uses steam
reform ng of natural gas and coal gasification to produce
t he hydrogen. Approxinmately 95 percent of the United States
hydrogen production for refineries and the cheni cal
i ndustry needs, is produced fromnatural gas using steam

reform ng technol ogy. *°

“3U. S Department of Energy, Energy Efficiency and Renewabl e Energy
“U. S Department of Energy, Energy Efficiency and Renewabl e Energy
“U. S Departnent of Energy, Energy Efficiency and Renewabl e Energy
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Current Steam Reforming of Natural Gas

Currently, steamreformng is a reaction between
natural gas and steam The result is a m xture of carbon
di oxi de, water, hydrogen, and carbon nonoxide that is
produced in a series of three reactions:

e The first step reacts nethane to form hydrogen and
carbon nonoxide in a heat-rel easing reaction

e The carbon nonoxide is then mxed with steamto form
nor e hydrogen and carbon di oxide in a heat-absorbing
reaction.

e The carbon di oxide and traces of carbon nonoxi de are

renoved using several adsorption processes, |eaving
pure hydrogen for commercial use.*

Current Coal-Based Technology

Presently, hydrogen is produced from coal by a process
called gasification. This process is currently used
primarily to produce anmonia for fertilizer. Coa
gasification works by reacting coal with oxygen and steam
under high pressures and tenperatures to forma synthesis
gas consi sting of carbon nonoxi de and hydrogen.*" The gas is

then cleaned of all of its inpurities and shifted to

46U, S Departnent of Energy, Energy Efficiency and Renewabl e Energy,
http://ww. eere. energy. gov/ hydr ogenandf uel cel | s/ fuel cel | s/types. htm
%7U. S Departrment of Energy, Energy Efficiency and Renewabl e Energy
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produce additional hydrogen, the clean gas is sent to a

separation systemto capture the pure hydrogen.

Cost

Natural gas will likely provide the earliest
af f ordabl e feeder for hydrogen, because today's costs are
t oo expensive. The cost associated with producing and
delivering hydrogen froma small scale refornmer of natura
gas for use in a fuel cell vehicle could be as high as $40-

8

$50 per million BTUs with current technol ogy.* Presently,

hydrogen is about four tines as expensive as gasoline at
t he punp.

The Departnent of Energy's Ofice of Fossil Energy has
begun a new effort to devel op technol ogies that wll
drastically | ower the cost of producing hydrogen from both
natural gas and coal. Let us now discuss the new

technol ogi es projected for the next decade.

Hydrogen from Natural Gas Research

Currently, a mature technol ogy called steamreform ng
of natural gas is conducted to produce hydrogen. By the
year 2013, the Departnment of Energy envisions devel opi ng

nat ural gas technol ogy nodul es that reduce the cost of

“8U. S Departrment of Energy, Energy Efficiency and Renewabl e Energy



hydrogen produced from natural gas by 25 percent.*® The
devel opnent of the advanced ion transport nenbrane

technol ogy may sinplify the process of manufacturing
hydrogen from natural gas and separate it into oxygen
which in a single step will generate synthesis gas. This
t echnol ogy uses a snooth ceram c nenbrane fabricated from
various netallic conponents that will conduct both

el ectrons and oxygen ions at tenperatures of 700 degrees
C.°° Figure 6 depicts the advanced ion transport menbrane

process. °?

Figure 6

“Department of Energy, Today's Hydrogen Production |ndustry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
*pepartment of Energy, Today’s Hydrogen Production Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
SDepartment of Energy, Today’s Hydrogen Production |ndustry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
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The process begins with the fl ow of oxygen from a hot
air streamthat is forced into an ion transport nmenbrane to
create oxygen ions. The oxygen ions flow through the
menbr ane where they partially oxidize to a hot m xture of
steam and natural gas to formsynthesis gas, a m xture of
carbon nonoxi de and hydrogen. ®® The ratio of carbon nonoxi de
to hydrogen is nostly dependent on the amount of steamthat
is used.

The synthesis gas is diverted to a water and gas
reactor where additional steamis added to convert the
carbon nonoxi de and steamto nore hydrogen and carbon
di oxide.*® Now the a mixture of hydrogen, carbon dioxide,
and smal|l amounts of carbon nonoxide is separated to
produce a stream of hydrogen and a stream of carbon di oxi de
that can be captured and eventual |y sequestered.

The present technol ogy used to separate hydrogen from
the synthesis gas is called pressure swi ng adsorption.
Researchers believe that further devel opnent of the
advanced nenbrane technol ogy has great potential to reduce

the cost of this process.

S2Depart ment of Energy, Today’s Hydrogen Production Industry,
http://ww. fossil.energy.gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
*Department of Energy, Today’s Hydrogen Production Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
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Benefits

The introduction of a |lower cost, snall-scal e hydrogen
plant will allow earlier production of |ow cost hydrogen.
Due to the small footprint, hydrogen plant construction
time is decreased. Further, the smaller facilities reduce
the need for a significant transportation and delivery
infrastructure. The |arge hydrogen plants that use the ion
transport nenbrane reactor systens will have even | ower
costs to produce hydrogen because of the econony of scale
benefits, and will becone a great source of hydrogen in the
near to md term >

Researchers believe the | owcost technol ogy for
hydrogen production fromnatural gas will bridge technol ogy
and allow earlier transition to the hydrogen econony.
Al so, this technology will provide a platformfor nore
hydr ogen production facilities that support technol ogi es
such as fuel cell vehicles in a shorter period of tine.

The large and small er scale plants that produce
hydrogen fromnatural gas will provide the earliest, |ow

cost transitional source of hydrogen for the FreedonCAR

SDepartment of Energy, Today’s Hydrogen Production Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
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program which will reduce our Nation's energy consunption

and pol | ution. ®®

Hydrogen from Coal Research

The Departnent of Energy’ s goal by the year 2015 is to
operate a zero em ssions, high-efficiency power plant that
wi || produce hydrogen and el ectricity from coal . ®®
The partial oxidation of coal is a very prom sing
technol ogy for the production of electric power and
hydrogen that will use the technol ogy called integrated

gasi fi cati on combi ned-cycl e technol ogy. >’

Presently, there
are no commercial power and hydrogen plants of this kind.
However, with a conbined effort by academ a, private
i ndustry and the Departnent of Energy, this goal nay soon
cone to fruition

I n produci ng hydrogen, the synthesis gas is processed
further using a mature water and gas reactor technol ogy to
i ncrease hydrogen and convert carbon nonoxi de to carbon
di oxi de. Hydrogen is then separated using pressure sw ng

adsorption technol ogy. Hydrogen produced from coal -derived

synthesis gas is essentially the same process currently

% Department of Energy, Today’s Hydrogen Production |Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
*pepartment of Energy, Today’s Hydrogen Production Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
SDepartment of Energy, Today’s Hydrogen Production |ndustry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
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bei ng devel oped in the Departnent of Energy’ s coal - based
clean el ectric power generation program °8

To reduce the cost, a new and advanced technol ogy nust
be devel oped in all phases of the gasification through al
hydr ogen separati on phases. The carbon di oxi de produced in
t he hydrogen production process would be renoved utilizing
capture and storage technol ogy, which is presently being
devel oped in Departnent of Energy’s carbon sequestration

research program °°

Future Research and Development Requirements

Currently in the Departnment of Energy, the Hydrogen
from Coal Programis devel opi ng new processes that include:

e An advanced water and gas reactor that uses sul fur
catal ysts to produce nore hydrogen from synthesis gas
at | ower cost,

e menbranes that allow a nore advanced, | ower cost
separation process of hydrogen from carbon di oxi de and
ot her cont am nants,

e technol ogy concepts that will conbine the hydrogen
separation and the water and gas reaction,

e a technology that utilizes fewer steps to separate
carbon di oxi de, hydrogen sulfide, and other inpurities
from hydr ogen. ®°

*8pDepart ment of Energy, Today’s Hydrogen Production Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
*Department of Energy, Today’s Hydrogen Production Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm

®pepartment of Energy, Today’s Hydrogen Production Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
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This researcher has | earned that newer catalysts and
mat eri al s nmust be devel oped for these technologies to
succeed. Further, technol ogy and engi neering studies are
al so needed for co-production and integration of coal
gasification for power production with hydrogen production
and separation. ®

In an effort to reduce costs to produce a coal -derived
hydrogen, it is inperative that inprovenents are nmade in
the coal gasification technologies. These inprovenents
i ncl ude:

e Advanced ion transport menbrane technol ogy for oxygen
separation fromair,

e advanced cl eani ng of raw synthesis gas,

e inprovenments in gasifier design, materials and
syst ens,

« advanced carbon di oxi de capture and sequestration
t echnol ogy. 2

A col | aborative effort is required by the governnent,
i ndustry and academi c institutions in conducting the
necessary research needed to identify, design and
denonstrate the nost advanced technol ogies that wll

significantly reduce the cost to produce hydrogen and

% Depart ment of Energy, Today’s Hydrogen Production |Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
%2Depart ment of Energy, Today’s Hydrogen Production Industry,
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen/ currenttechnol ogy. shtm
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provide a feasible alternative to current, mature

t echnol ogy.

FutureGen - Tomorrow"s Pollution-Free Power Plant

"Today I am pleased to announce that the United States
will sponsor a $1 billion, 10-year demonstration project to
create the world®s first coal-based, zero-emissions
electricity and hydrogen power plant..."

Presi dent George W Bush
February 27, 2003

FutureGen is an initiative to build the world's first
i ntegrated sequestration and hydrogen production research
power plant. The $1 billion dollar project is intended to
create the world's first zero-enissions fossil fuel plant.?®3

This initiative is a response to President Bush's
directive to tap into the best scientific research
avai l abl e to address the issue of global climte change.
The President's intent is to create a hydrogen econony and

fuel pollution free vehicles. Also, other countries wll

%U.S. Departnent of Energy, FutureGen — A Sequestration and Hydrogen Research lnitiative.
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen-from gas. shtmn
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be invited to participate in the denonstration project
t hrough the Carbon Sequestration Leadership Forum %

The FutureGen plant will produce electricity and
hydrogen from coal (the | owest cost and nost abundant
donestic energy resource), while capturing and sequestering
the CO2 generated in the process.® The governnent and
industry will partner to pursue a project focused on the
design, construction and operation of a state of the art
power plant that is intended to elimnate environnental
concerns associated with coal utilization. The FutureGen
project will receive support by the ongoing coal research
program and be the nmain source of technology for the
prototype. The FutureGen project will require 10 years to
conplete, and will be led by an industrial consortium
represented by the coal and power industries. The project
results wll be shared anong all participants and industry.

During the operational phase of the FutureGen project,
the revenues generated fromthe sales of electricity,

hydrogen and CO2 wil| be shared anong the project

%U.S. Departnent of Energy, FutureGen — A Sequestration and Hydrogen Research lnitiative.
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen-from gas. shtn
%U.S. Departnment of Energy, FutureGen — A Sequestration and Hydrogen Research lnitiative.
http://ww. fossil.energy.gov/prograns/fuel s/ hydrogen-fromgas. shtn




36

participants in proportion to their respective cost-sharing

per cent age. °°

Hydrogen Distribution

The Departnent of Energy’ s goal by 2011 is to make
several hydrogen delivery systens available that wll
provi de an af fordable and conpetitive-priced hydrogen to
CONSUIers.

Presently, hydrogen delivery systens exist only for
the smal |l nerchant hydrogen market in the chenical and
refining industries. The bottomline is, custoners expect
t he sane conveni ence, cost and safety when di spensing
hydrogen fuel as when di spensi ng gasoline or diesel fuel.
The present hydrogen delivery infrastructure | acks the
scope or scale to deliver hydrogen, and is insufficient to
supply the hydrogen fuel needs of the FreedonCar program
announced in 2003 by President Bush.

Hydr ogen has physical properties that may cause sone
hi gh-strength steel piping materials to becone brittle.

Therefore, today's natural gas pipelines nmay not be

%U. S. Departnent of Energy, FutureGen — A Sequestration and Hydrogen Research lnitiative.
http://ww. fossil.energy. gov/ prograns/fuel s/ hydrogen-from gas. shtmn
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avai |l abl e or capable of handling the additional volunmes of
hydr ogen proj ect ed. 7

It is quite unlikely that industry or government wl |
dedi cate any significant capital into a hydrogen delivery
infrastructure prior to determning if a hydrogen econony
is practicable and feasible. In studying other hydrogen
delivery alternatives, the Department of Energy wll use
conmput er anal yses to determ ne the best hydrogen delivery
system At which time the trade-offs between the capital
investnments in new delivery systens, and the use of today's
liquid and natural gas transportation systenms will be
studied. Al so, further devel opnment of a snmall-scal e on-
site refornmer will be evaluated against the |large capital
costs of a dedicated hydrogen infrastructure.® The high
cost of hydrogen delivery nmethods may lead us to initially
use conventional fuels and infrastructure up to a point,
while small-scal e conversi on systens nmake hydrogen onsite.
However, small-scal e conversion systens to make hydrogen

onsite are currently not cost effective.

57U.S. Departnment of Energy, FutureGen — A Sequestration and Hydrogen Research lnitiative.
http://ww. fossil.energy.gov/prograns/fuel s/ hydrogen-fromgas. shtn
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Hydrogen Storage

Hydr ogen storage technol ogy nust be transparent to the
consuner, simlar to today' s experience with gasoline
power ed vehicles. The hydrogen storage is a critical
enabler in the hydrogen cycle. The ultinmate hydrogen
storage system nust be | ow cost, energy efficient, provide
fast fill capability and be safe. Hydrogen storage systens
need to enable a vehicle to travel 300 to 400 miles, and
fit in an envel ope that will not conprom se either
passenger space or storage space.® A substantial research
and devel opnent investnent in hydrogen storage technol ogi es
is necessary to achieve the performance and cost goals for

an acceptabl e storage sol ution.

Operation lragi Freedom Fuel Consumption Rates

From March 1, 2003 to May 24, 2003, the 1°' Marine
Expeditionary Force, U S. Marine Corps, consuned 28,
670, 751 gal l ons of fuel during Qperation Iraqi Freedom
s it relevant to discuss fuel consunption rates during
Qperation Iragi Freedon? Yes, it is very necessary to
di scuss fuel consunption rates. As the DOD transfornmns,

specifically the Arny and Marine Corps, into a lighter,

®Fuel Cell Report to Congress, February 2003, p.p. 43
701t Marine Expeditionary Force, U S. Marine Corps, Qperation Iraqi Freedom Fuel
Consunption Rates, March 1, 2003 thru May 24, 2003.
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nore | ethal, and nore deployable fighting force, it is
paranmount that the next generation of mlitary vehicles
consunes | ess energy or fuel, in order to reduce the C ass
1l (Fuel) logistics footprint, and | ess dependent on Host
Nation Support. How w Il this inpact maneuver warfare?
When scientists perfect the hydrogen powered vehicle
design, storage, and delivery shortcomngs, it will have a
positive inmpact on the battlefield with increased tenpo and

speed associ ated with maneuver warf are.

Conclusion

While there is no short-termfuel crisis facing the
Department of Defense (DoD), this situation is likely to
change over the com ng decades as fossil fuel reserves
becone depl eted and demand grows. DOD will be confronted
with sonme serious challenges, such as protecting U S
National interests and resolving defense fuel requirenents
as the nation noves to alternate fuels. WII the
devel opnent of the hydrogen powered nmilitary vehicle be
af fordabl e and practical for mlitary application on the
battl efield by 2040? Yes; however, for the DoD to conmt
to a hydrogen econony, will involve a nmassive undert aking,

requiring large investnents and decades to acconplish. How
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the nation nmoves in this direction, undoubtedly will have a
great inpact on the ultimate success of the nove. DoD
shoul d be a dedicated player in this undertaking because it
will be greatly inpacted by its outcone. Pure hydrogen is
not a viable fuel for the DOD m ssions, primarily because
of the DOD requirenent for conpact, high vol unme-energy
density power sources. Presently, the total container

vol une is about twi ce the hydrogen storage volunme. This
hydr ogen storage problem presents DOD with sonme uni que
safety problens, especially in conbat situations.

Pronoting the nost efficient use of oil is necessary during
the near term However, over the long term a petrol eum
free econony is paranount.

Hydrogen is considered an alternative fuel for two
reasons: 1) it is renewable and, 2) it is the nost abundant
el ement on the earth. Hydrogen conprises nore than 75
percent of the environnment, but to be useful as a fuel, it
nmust exist as free hydrogen (H). One very conmon source of
hydrogen is water, which is 11.2 percent hydrogen by
wei ght. Al though hydrogen offers many benefits, there are
di sadvantages to using it as a fuel with current
technol ogy. Liquid hydrogen, the preferred form of

hydrogen, requires four tinmes the storage space of
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petrol eum based fuels. The other issue is that hydrogen
production relies on the availability of a nonrenewabl e
resource--petroleum The two issues nmentioned above wll
require a majority of the scientist’s tinme and noney in
order to overcone these obstacles, in an effort to nake
hydrogen affordable, efficient, and safe. Wen hydrogen is
used to power the year 2040 generation of the U S mnmlitary
vehicles, it will acconplish twice the efficiency of
today’s gasoline engines, with zero air em ssions rel eased
into the atnosphere. The hydrogen powered mlitary vehicle
will becone a reality by 2040. The hydrogen powered
mlitary vehicle will not be a Revolution in Mlitary
Affairs (RVW). Rather, it will be evolutionary, and wll
represent a major technol ogical evolution in the mlitary

vehi cl e.
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